Notch (N) is a transmembrane receptor that mediates cell-cell interactions to determine many cell-fate decisions. N contains EGF-like repeats, many of which have an O-fucose glycan modification that regulates N-ligand binding. This modification requires GDP-L-fucose as a donor of fucose. The GDP-L-fucose biosynthetic pathways are well understood, including the de novo pathway, which depends on GDP-mannose 4,6 dehydratase (Gmd) and GDP-4-keto-6-deoxy-D-mannose 3,5-epimerase/4-reductase (Gmer). However, the potential for intercellularly supplied GDP-L-fucose and the molecular basis of such transportation have not been explored in depth. To address these points, we studied the genetic effects of mutating Gmd and Gmer on fucose modifications in Drosophila. We found that these mutants functioned cell-nonautonomously, and that GDP-L-fucose was supplied intercellularly through gap junctions composed of Innexin-2. GDP-L-fucose was not supplied through body fluids from different isolated organs, indicating that the intercellular distribution of GDP-L-fucose is restricted within a given organ. Moreover, the gap junction-mediated supply of GDP-L-fucose was sufficient to support the fucosylation of N-glycans and the O-fucosylation of the N EGF-like repeats. Our results indicate that intercellular delivery is a metabolic pathway for nucleotide sugars in live animals under certain circumstances.
merging evidence indicates that the glycosylation of transmembrane receptors is important for cell signaling (1) (2) (3) . For example, the O-fucose glycan modifications of the Notch (N) receptor influence its activities, and the study of this system has led to new paradigms about how glycosylation affects cell-signaling mechanisms (4, 5) . N is the transmembrane receptor for an evolutionarily conserved signaling pathway that regulates various cell specifications through cell-cell communication (6) . N's extracellular domain contains a tandem array of EGF-like repeats (7), many of which are O-glycosylated, including by O-fucose and O-glucose modifications (8) . EGF repeats of N that contain the sequence Cys2-X4-5-Ser/Thr-Cys3 are O-fucosylated by O-fucosyltransferase 1 (O-fut1) (9) (10) (11) , and a GlcNAc is specifically added to the O-linked fucose on these EGF-like repeats by Fringe family proteins, which are evolutionarily conserved β1,3 N-acetylglucosaminyltransferases (4, 5) . In mammalian cells, Sia-α2,3-Gal-β1,4 is further added to the GlcNAc, and consequently an O-linked tetrasaccharide (Sia-α2,3-Gal-β1,4-GlcNAc-β1,3-Fuc) is formed on these EGF-like repeats (12) . N receptors are activated by binding ligands from one of two families, the Delta (Dl)-and Serrate (Ser)-type proteins (13, 14) . The Fng-dependent O-fucose glycan modification of N promotes interactions between N and Dl-type ligands, but it suppresses N's interactions with Ser-type ligands (4, 15) . Because the expression of fng is highly region-specific, the fng-dependent regulation of N-ligand interactions is restricted to and crucial for N activation in specific developmental contexts, such as wing development in Drosophila, although this modification is not a general requirement for N activation (16) . Although the O-fucosylation of N is required for its further GlcNAc modification by Fng, conflicting results have been reported for the specific contribution of O-fucose monosaccharide to N signaling in Drosophila (5, (17) (18) (19) .
Fucose modifications, including protein O-fucosylation, require GDP-L-fucose as the fucose donor. In mammals, GDP-Lfucose is synthesized by both de novo and salvage pathways (20) . However, in Drosophila, GDP-L-fucose is synthesized only by the de novo pathway (21, 22) . Thus, Drosophila is a useful system for studying the requirement of GDP-L-fucose in various biological events (23) . The enzymes essential for the de novo synthesis of GDP-L-fucose, GDP-mannose 4,6 dehydratase (Gmd), and GDP-4-keto-6-deoxy-D-mannose 3,5-epimerase/4-reductase (Gmer), are encoded by the Gmd and Gmer genes, respectively (24) . The Gmd homozygote causes GDP-L-fucose starvation in Drosophila (22) .
In general, the biosynthetic cascades of nucleotide sugars, including GDP-L-fucose, are considered intracellular events, although sugars can also be acquired from the extracellular space through specific transporters (25) . However, a previous study demonstrated that UDP-galactose and UDP-GalNAc are transported intercellularly among cultured CHO cells through intercellular junctions (26) . A CHO cell derivative that is deficient in the enzyme UDP-Gal/UDP-GalNAc 4-epimerase shows defective LDL receptor structure and activity, which are restored by cocultivation with cells expressing the normal activity of this enzyme (26) . This restoration of LDL receptor activity is suppressed by adding retinoic acid, an inhibitor of junctional communication (26) . These results suggest that UDP-galactose and UDP-GalNAc can be supplied through intercellular junctional communication. However, such intercellular transport of nucleotide sugars has not been demonstrated in vivo. Furthermore, the nature of the intercellular communication involved in this delivery of nucleotide sugars is not yet clear. To address these issues, here we studied the intercellular delivery of GDP-L-fucose into cells in vivo, using mutants of genes involved in the biosynthetic pathway of GDP-L-fucose in Drosophila.
Results
Gmd and Gmer Are Required for Fng-Dependent N Signaling and the Fucosylation of Bulk Proteins. Gmd and Gmer are essential for GDP-L-fucose biosynthesis in Drosophila (Fig. 1A) (22, 23) . Gmd H78 is a null allele of Gmd (Fig. 1B) , and Gmd H78 homozygotes survive until the third larval instar (22) . However, Gmd H78 homozygotes lacking the maternal contribution of this gene's product die as embryos, indicating that the maternal contribution of Gmd allows them to survive until the third instar (22) . Gmer encodes the final enzyme of the GDP-L-fucose biosynthesis cascade (Fig. 1A) . For this study, we used a fly line, Gmer SH , which has a P-element insertion in the Gmer locus [l(2) SH1096], as an allele of Gmer (Fig. 1C) . The P-element was inserted 29 bp downstream of the Gmer gene initiation codon (Fig. 1C) . Gmer SH homozygotes and transheterozygotes between Gmer SH and Df(2R)BSC783, a deficiency uncovering the Gmer locus, died as third-instar larvae. The recessive lethal phenotype was no worse in these transheterozygotes than in the Gmer SH homozygotes, suggesting that Gmer SH is a null allele.
To evaluate the roles of Gmd and Gmer in fucose modifications, we examined the fucosylation of bulk proteins in these mutants. Aleuria Aurantia Lectin (AAL) is an L-fucose lectin that recognizes α1,3-and α1,6-linked fucose residues (27, 28) ; thus, it should recognize the fucose moieties of N-glycans and possibly O-fucose. However, the AAL staining was not reduced in cells homozygous for O-fut1 4R6 , a null mutant, in vivo (n = 17) (Fig. S1 A-C) , suggesting that O-fucose's contribution to the AAL staining was minor. In wild-type wing imaginal discs from late third-instar larvae, the AAL staining was ubiquitous (Fig.  1D) . However, in the wing imaginal discs of Gmd H78 or Gmer SH homozygotes, the AAL staining was severely reduced ( Fig. 1 E  and F) . To further characterize the Gmer SH allele, we compared the intensity of AAL staining between the wing imaginal discs of Gmer SH homozygotes and of transheterozygotes between Gmer SH and Df(2R)BSC783 ( Fig. 1 F, F′ , G, and G′). In both cases, the AAL staining was similarly reduced, consistent with Gmer SH being a null allele (Fig. 1 F and G) . These results indicate that the fucosylation of bulk proteins was significantly reduced in the Gmd H78 and Gmer SH mutants. In late third-instar larvae, wingless (wg) expression is activated in the wing imaginal disc by N signaling along the dorsal-ventral compartment boundary (D/V boundary) (Fig. 1H , white square bracket) (29) . wg expression is not detected in the wing imaginal discs of Gmd homozygotes (22) , and here we found that Wg protein was also not detectable in the late third-instar wing imaginal discs of Gmer SH homozygotes or in transheterozygotes between Gmer SH and Df(2R)BSC783 ( Fig. 1 I and J, white arrowhead). In contrast, Wg expression encircling the wing pouch, which is independent of N signaling, was normal in these wing imaginal discs ( Fig. 1 I and J) . These results are consistent with the previous proposal that GDP-L-fucose biosynthesis is required for Fng-dependent N signaling (9-11).
Functions of Gmd and Gmer Are Cell-Nonautonomous. Although the enzymes required for the biosyntheses of various nucleotide sugars have been elucidated (30) , very few studies have examined whether nucleotide sugars are exchanged intercellularly (31) , and none have investigated such exchanges in vivo. To address these issues, we next examined whether Gmd and Gmer function cell-autonomously or cell-nonautonomously in vivo, because these mutants should behave cell-nonautonomously if GDP-Lfucose is transferred intercellularly. Although the cell-nonautonomous behavior of Gmd was previously reported (18, 19, 32) , this phenomenon has not been examined in detail.
Using the Flippase/Flippase Recombination Target (FLP/ FRT) system, we generated somatic mosaic clones of Gmd or Gmer homozygous cells (indicated by the absence of GFP expression) in late third-instar wing imaginal discs of heterozygotes ( Fig. 2 A-F) . AAL staining was not reduced in the homozygous somatic clones of the Gmd H78 or Gmer SH alleles ( Fig. 2 A-F ). This result suggested that the surrounding heterozygous cells supplied the GDP-L-fucose intercellularly to the homozygous mutant cells. In contrast, the AAL staining was diminished in cells homozygous for Gfr, which encodes a GDP-L-fucose transporter ( Fig. 2 G-I ). Gfr transports GDP-L-fucose, which is essential for the fucosylation of N-glycans, into the Golgi from the cytoplasm (23) .
We next examined whether the intercellular supply of GDP-Lfucose is sufficient for the O-fucosylation of N, which is required for the Fng-dependent activation of N signaling. The expression of cut along the D/V boundary depends on the activation of N signaling (33) . cut encodes a transcription factor that specifically localizes to the nucleus. Thus, the expression of cut detected by anti-Cut antibody staining is a useful marker for determining the cell-autonomous behavior of Gmd H78 or Gmer SH mutants. We found that the expression of cut was not reduced in the somatic clones of cells homozygous for Gmd H78 or Gmer SH ( Fig. 2 J-O) . The expression of Wg along the D/V boundary was also not affected in these cells (Fig. S2 A-F) . In contrast, in cells homozygous for Gfr 1 and Efr 1 , the expression of Cut and Wg along the D/V boundary was largely abolished (Fig. 2 P-R and Fig. S2 G-I ). This result is consistent with a previous report showing that Gfr and Efr are redundantly required for the transport of GDP-L-fucose into the lumen of the endoplasmic reticulum, where O-fucosylation takes place (34) . Therefore, the intercellular supply of GDP-L-fucose is sufficient for the O-fucosylation of N.
Intercellular Delivery of GDP-L-Fucose Is Limited to a Given Organ.
The intercellular transport of GDP-L-fucose could be mediated by several possible mechanisms. For example, GDP-L-fucose could be transported among the cells of a single organ through the extracellular space or without entering the extracellular space. Alternatively, it could be transported via the body fluids and enter cells through transporters in the plasma membrane. To distinguish between these possibilities, Gmd or Gmer was specifically overexpressed using the Gal4-Upstream Activation Sequence (UAS) system in a limited part of wing imaginal discs or in different organs, in its respective mutant background. We then examined whether the Wg expression along the D/V boundary of the late third-instar wing imaginal discs was rescued.
First, we overexpressed Gmd or Gmer in its respective homozygous mutant along the anterior-posterior compartment boundary (A/P boundary) of wing imaginal discs (Gmd H78 and Gmer SH ; Fig. 3 B and C). The overexpressed constructs were driven by decapentaplegic (dpp)-Gal4 in the region indicated by the expression of GFP (Fig. 3A) . Despite the restricted expression of these genes in the wing imaginal discs, the expression of Wg was rescued along the entire D/V boundary in all cases examined (n > 20) (Fig. 3 B and C) . We also found that the specific expression of Gmd driven by breathless (btl)-Gal4 in the trachea blast, which is attached to the narrow portion of the wing imaginal disc (Fig. 3D , GFP-positive region indicated by arrow), was sufficient to rescue the Wg expression along the entire wing imaginal disc D/V boundary in Gmd H78 homozygotes, in all cases examined (n > 20) (Fig. 3E) . The AAL staining of these wing imaginal discs was also restored (Fig. S3 A, C , and E). These results indicate that GDP-L-fucose can spread throughout the epithelium of the wing imaginal discs.
It was also possible that GDP-L-fucose is transported between organs in the larval body fluid. To test this possibility, we expressed Gmd under the control of GMR-Gal4 and Lsp2-Gal4 in the eye imaginal disc and fat body, respectively, in Gmd H78 homozygotes (35) . These two organs are isolated in the body from the wing imaginal discs, where the Fng-dependent activation of N was examined. In wild-type eye imaginal discs, AAL staining was detected uniformly (Fig. 4 A and A′, white square bracket). However, in the Gmd H78 homozygotes, AAL staining was largely diminished in the eye imaginal disc as in the wing imaginal discs (Fig. 4 B and B′, white square bracket). The expression of Gmd driven by GMRGal4 recovered the AAL staining in the entire eye imaginal discs (Fig. 4 C and C′, square bracket) , even though GMR-Gal4 expresses Gal4 only in the differentiated photoreceptor and pigment cells (the right half of the eye imaginal disc in Fig. 4C ) (35) . However, AAL staining was not restored in the antenna imaginal disc even though these two imaginal discs are interconnected, suggesting that some variation in molecular transport was present (Fig. 4C) . We also noted that the development of the eye imaginal discs was not completely rescued, probably because the expression of GMR-Gal4 is initiated only after the differentiation of eye imaginal disc cells (compare Fig. 4 A′ and C′) (36) . Importantly, we found that Wg expression along the D/V boundary of the Gmd H78 homozygote wing imaginal discs was not rescued in any of these larvae (n > 20) (Fig. 4D) , nor was it rescued by the expression of Gmd driven by Lsp2-Gal4 in the fat body of Gmd H78 homozygotes (Fig. 4E) . In these wing imaginal discs, a reduced level of AAL staining was still observed (Fig. S3 G and I) . Thus, GDP-L-fucose is not exchanged through the body fluid among isolated organs in the Drosophila body.
GDP-L-Fucose Is Supplied Intercellularly by a Gap Junction-Mediated
Mechanism. Gap junctions are channels formed by the direct intercellular apposition of oligomeric transmembrane proteins, such as the Connexin family proteins in mammals, which permit the direct exchange of ions and small molecules (less than 1 kDa) between cells without passage into the extracellular space (37) . In invertebrates, Innexin family proteins form the gap junctions (38) . Eight innexin genes have been found in Drosophila melanogaster (38, 39) . To assess the involvement of gap junctions in the intercellular delivery of GDP-L-fucose, we performed a knockdown of innexin genes, using RNAi, in vivo. Among the innexin genes, we selected optic ganglion reduced (ogre), innexin2 (inx2), innexin3 (inx3), and innexin4 (inx4) as knockdown targets, because they are expressed in epithelia, which comprises the wing imaginal disc where N signaling is activated along the D/V boundary (40) .
A hairpin double-stranded RNA (dsRNA) corresponding to part of the Gmd or inx2 cDNA was produced under the control of patched (ptc)-Gal4 in the region along the A/P boundary of late third-instar wing imaginal discs that were otherwise wild type (indicated by GFP expression in Fig. 5 A, E, and I). The AAL staining and cut expression along the D/V boundary were unaffected by the knockdown of either Gmd or inx2 (BL29306) by RNAi, in all cases examined (n = 30 for Gmd and n = 27 for inx2) (Fig. 5 B-D and F-H) . However, the knockdown of inx2 and Gmd together reduced the level of AAL staining and cut expression, in all cases examined (n = 23) (Fig. 5 J-L) . These defects were completely rescued by the simultaneous overexpression of wild-type inx2 (n = 27) (Fig. 5 M-O) (41) . Furthermore, a different inx2 RNAi line (v102194), which produced a hairpin dsRNA corresponding to a different part of the inx2 cDNA, showed the same result (n = 27 for inx2 RNAi and n = 32 for inx2 and Gmd RNAi) (Fig. S4 B-J) . These results suggest that the losses of AAL staining and cut expression were not due to an off-target effect of the RNAi against inx2.
These results were consistent with the adult wing phenotype induced by the RNAi against these genes. Diminished cut expression along the D/V boundary is associated with the disruption of N signaling and results in a loss of wing-margin tissue (42) . The knockdown of either Gmd or inx2 by RNAi did not affect the wing margin (n = 41 for Gmd and n = 52 for inx2) (Fig. 5 Q and R) , but knocking down both together resulted in the loss of wing margin tissue in all cases examined (n = 30) (Fig. 5S) .
In contrast to the results for inx2, the knockdown of ogre (n = 23), inx3 (n = 31), or inx4 (n = 22) together with Gmd by RNAi did not reduce the AAL staining or cut expression (Fig. S5 A-I) . These results suggest that GDP-L-fucose is transported although gap junctions composed of Inx2 in the epithelium of the wing imaginal disc. Our results also showed that the GDP-L-fucose synthesized in individual cells is sufficient for the fucosylation of bulk proteins and for the activation of Fng-dependent N signaling in the absence of the intercellular supply.
Discussion
The nucleotide sugars UDP-galactose and UDP-GalNAc were previously shown to be transported although intercellular junctions in mammalian cultured cells, although the involvement of intercellular junctional communication was based only on an inhibitor with low specificity, which was available at that time (26) . In this study, we demonstrated that GDP-L-fucose is intercellularly exchanged among epithelial cells within an organ through inx2-dependent gap junctions in vivo. Thus, this is evidence for the intercellular exchange of a nucleotide sugar through gap junctions in a living animal. This intercellular supply of GDP-L-fucose is sufficient for the O-fucosylation of N, even in the absence of its cellautonomous supply by de novo biosynthesis.
The molecular weight of GDP-L-fucose is 589.34 Da. Given that gap junctions transport small molecules whose molecular weight is less than 1 kgDalton (37), GDP-L-fucose is small enough to be transported although gap junctions. In Drosophila, a few reports have demonstrated that genes encoding enzymes involved in the biosynthesis of nucleotide sugars behave cell-nonautonomously (31), although the nucleotide sugars transported among cells were not identified in these experiments, and the mechanisms of such nucleotide sugar delivery have not been studied. These potential nucleotide sugars are also small enough to be transported although gap junctions. Therefore, intercellular exchange might be a general property by which various nucleotide sugars enter animal cells that form gap junctions.
The kinetics of diffusion through inx2-dependent gap junctions was measured in the epithelium of the Drosophila proventriculus (43) . Injected lucifer yellow diffused into approximately 20 cells after 16 h (43) . In the present study, the region-specific expression of Gmd or Gmer in its respective mutant background was sufficient to rescue the fucosylation of the entire wing imaginal discs. There are 100-200 epithelial cells across the wing pouch region of a wing imaginal disc. Our results suggested that GDP-L-fucose is delivered into a number of cells although inx2-dependent gap junctions. Considering that the development of the wing imaginal discs takes several days, the diffusion speed of GDP-L-fucose roughly coincides with that of lucifer yellow, reported previously (43) .
In contrast to our observation in the epithelium of wing imaginal discs, Gmd homozygous clones behave cell-autonomously in the stem cells of the adult fly intestine (32) . Thus, the intercellularly supplied GDP-L-fucose is not a general property of Drosophila tissues and cells. This discrepancy could be explained if these stem cells do not form gap junctions with the surrounding cells, although this hypothesis remains to be tested. It is also likely that the number of gap junctions and their Innexin-subunit composition affect the efficiency of intercellular GDP-L-fucose diffusion (44) . These possibilities may explain our observation that GDP-L-fucose did not diffuse from the eye imaginal disc to the antenna imaginal disc even though these two imaginal discs are continuous.
In the present study, we failed to show physiological roles of the intercellular delivery of GDP-L-fucose, mainly because disruption of the innexin genes should abolish the transportation of various small molecules, not only GDP-L-fucose, through gap junctions. Thus, we could not distinguish specific effects associated with the absence of GDP-L-fucose from other defects induced by the lack of other molecules' intercellular transport. On the other hand, the consumption rate of nucleotide sugars could differ locally, even within an organ. Thus, the intercellular supply of nucleotide sugars may serve to compensate for such uneven consumption rates, although further quantitative analyses are needed to address this possibility. Nevertheless, our results introduce the novel viewpoint that the intercellular exchange of nucleotide sugars must be considered as an aspect of sugar metabolism in vivo.
Materials and Methods
Fly Stocks. We used Canton-S as the wild-type stock. The following mutant alleles were used: Gmd
H78
, a null mutant allele of Gmd (22, 23) , and l(2) SH1931, a P-element insertion mutant of Gmer. Expression of the UAS lines was driven by dpp-Gal4, ptc-Gal4, btl-Gal4, Lsp2-Gal4, or GMR-Gal4. Knockdown of Gmd was performed using 8890R-2, which is an RNAi line of Gmd (NIG-FLY, http://www.shigen.nig.ac.jp/fly/nigfly/index.jsp). Knockdown of inx2 was performed using BL29306 (TRiP) and v102194 (VDRC). For knockdown of the other innexin family genes, we used the following RNAi lines from VDRC: v7136 for ogre, v39095 for inx3, and v33277 for inx4. UAS-inx2 was described previously (41) . All flies were raised at 25°C, except for the experiments involving RNAi, which were carried out at 30°C.
Expression Constructs of Gmd and Gmer. cDNAs encompassing the entire ORFs of Gmd (GM12762) and Gmer (GM03782) were inserted into the BglII and XhoI sites or the EcoRI and XhoI sites of pUAS-T, and the resulting constructs were designated as UAS-Gmd and UAS-Gmer, respectively. Transgenic fly lines were established by a standard procedure.
Generation of Mosaics. Somatic clones were generated by Flp-mediated mitotic recombination in y w hs-flp; Gmd FRT40A/Ubi-GFP FRT40A and y w hsflp; FRT G13 l(2)SH1931/FRT G13 Ubi-GFP larvae. The expression of Flp was induced in the second-instar larvae by a 30-min heat shock at 37°C.
Immunohistochemistry. Late third-instar eye imaginal discs and late thirdinstar wing imaginal discs were immunostained as previously described. The following antibodies were used: mouse anti-Wg (1:250; 4D4), mouse anti-Cut (1:250; 2B10), and rabbit anti-GFP (1:1,000; MBL). Alexa 488-(Molecular Probes) and Cy3-(Rockland) conjugated secondary antibodies were used at a dilution of 1:500. For lectin staining, biotin-conjugated AAL (1 μg/mL; Seikagaku) was used as previously described (28) . All images were obtained by confocal microscopy (Pascal and LSM700, Zeiss).
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